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APPL1 interactswith adiponectin receptors and
other important signaling molecules. It contains
a BAR and a PH domain near its N terminus, and
the twodomainsmay function asaunit (BAR-PH
domain).We report here the crystal structuresof
theBAR-PHandPTBdomainsof humanAPPL1.
The structures reveal novel features for BAR
domain dimerization and for the interactions
between theBARandPHdomains. TheBARdo-
main dimer of APPL1 contains two four-helical
bundles, whereas other BAR domain dimers
have only three helices in each bundle. The PH
domain is located at the opposite ends of the
BAR domain dimer. Yeast two-hybrid assays
confirm the interactions between the BAR and
PH domains. Lipid binding assays show that
the BAR, PH, and PTB domains can bind phos-
pholipids. The ability of APPL1 to interact with
multiple signalingmolecules and phospholipids
supports an important role for this adaptor in
cell signaling.
INTRODUCTION
APPL (adaptor protein containing PH domain, PTB do-
main, and leucine zipper motif) (Figure 1A) was originally
identified as an interacting partner of the oncoprotein ser-
ine/threonine kinase AKT2 (Mitsuuchi et al., 1999). This
adaptor protein has subsequently been shown to interact
with the tumor suppressor protein DCC (deleted in colo-
rectal cancer) and was thus named DCC-interacting pro-
tein (DIP)-13a (Liu et al., 2002). APPL proteins are only
found in eukaryotes. Two isoforms of APPL are present
in humans, APPL1 and APPL2, sharing about 50% se-
quence identity (Figure 1B). In addition to Akt2 and DCC,
APPL isoforms can also interact with several other intra-
cellular signaling molecules and receptors, including
Rab5 (Miaczynska et al., 2004), GIPC (GAIP-interacting
protein, C terminus) (Varsano et al., 2006), human folli-
cle-stimulating hormone receptor (FSHR) (Nechamen
et al., 2004, 2007), and the adiponectin receptors AdipoR1Structure 15,and AdipoR2 (Mao et al., 2006). These interactions play
key roles in chromatin remodeling and cell proliferation,
TrkA trafficking and signaling from endosomes (Lin et al.,
2006), survival, and adiponectin-mediated insulin sensitiz-
ing effects, respectively.
APPL proteins contain a BAR domain at their N termini
(Figure 1A; originally identified as the leucine zipper motif).
The BAR (Bin1/amphiphysin/Rvs167) domain proteins are
a ubiquitous protein family in eukaryotes and are impli-
cated in diverse biological processes such as fission of
synaptic vesicles, endocytosis, regulation of the actin cy-
toskeleton, transcriptional repression, cell-cell fusion, ap-
optosis, secretory vesicle fusion, and tissue differentiation
(Dawson et al., 2006; Ren et al., 2006). At the molecular
level, BAR domains can sense and/or induce membrane
curvature, and some BAR domains can also bind small
GTPases (Gallop and McMahon, 2005; Habermann,
2004; Lee and Schekman, 2004; Zimmerberg and
McLaughlin, 2004). However, whether the two functions
of BAR domains are related or mutually exclusive remains
to be determined (Habermann, 2004).
Proteins containing the BAR domain can be divided into
several subfamilies based on their sequence conservation
and domain architecture (Habermann, 2004). APPLs be-
long to a subfamily that also includes the GTPase-activat-
ing proteins centaurin b1, b2, b5, and oligophrenins (Hab-
ermann, 2004) (Figure 1B). No structural information is
currently available for this subfamily. In these proteins,
the BAR domain is invariably followed by a pleckstrin
homology (PH) domain (Bradshaw and Waksman, 2002;
Machida and Mayer, 2005) (Figure 1A), which may en-
hance the lipid specificity of the BAR domain and target
the protein to a specific membrane compartment (Peter
et al., 2004). Consistent with this, both theBARandPHdo-
mains of APPL1 are required to interact with Rab5 and re-
cruit this small GTPase to the membrane (Miaczynska
et al., 2004). In addition, both the BAR and PH domains
of centaurin b2 are necessary for binding to curved mem-
branes (Peter et al., 2004). These observations suggest
that the two domains may form an integral functional unit
(BAR-PH domain).
APPL isoforms also contain a phosphotyrosine binding
(PTB) domain near their C termini (Figure 1A). Proteins
with PTB domains primarily function as adaptors or scaf-
folds to organize the signaling pathways involved in525–533, May 2007 ª2007 Elsevier Ltd All rights reserved 525
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Structures of BAR-PH and PTB Domains of APPL1wide-ranging physiological processes including neural
development, immunity, tissue homeostasis, and cell
growth (Uhlik et al., 2005). The PTB domain of APPLs has
been shown to interact with both Akt2 (Mitsuuchi et al.,
1999) and the adiponectin receptors AdipoR1 and Adi-
poR2 (Mao et al., 2006).
We report here the crystal structures of the BAR-PH do-
main and the PTB domain of human APPL1 at 2.6 and 2.0
A˚ resolution, respectively. The BAR domain in APPL1 dis-
plays distinct structural features not observed in previ-
ously known BAR domain structures. The dimer of this do-
main in APPL1 contains two four-helical bundles, whereas
other BAR domain dimers contain only three helices in
each bundle. Positively charged residues are concen-
trated in the concave face of this dimer, consistent with
its role in sensing and/or creating membrane curvature.
We used yeast two-hybrid assays to confirm the interac-
tions between the BAR and PH domains, supporting the
presence of a BAR-PH domain. Our yeast two-hybrid as-
says also identified residues 51–90 in the intracellular re-
gion of AdipoR1 as being important for binding the PTB
domain of APPL1. Lipid binding assays showed that all
Figure 1. Sequence Alignment of APPL and Its Homologs
(A) The domain structures of human APPL1, APPL2, centaurin b2
(Cenb2), and oligophrenin 1 (Oligophr1).
(B) Sequence alignment of human APPL1, APPL2, centaurin b2, and
oligophrenin 1. The secondary structure elements are labeled. Strictly
conserved basic residues are highlighted in dark blue, mostly con-
served basic residues in light blue, and other conserved residues in
yellow.526 Structure 15, 525–533, May 2007 ª2007 Elsevier Ltd All rigthree domains, BAR, PH, and PTB, can bind phospho-
lipids, consistent with their roles in membrane interactions
and receptor signaling.
RESULTS AND DISCUSSION
The BAR Domain of APPL1 Contains
Several Unique Features
The crystal structure of the BAR-PH domain of human
APPL1 has been determined at 2.6 A˚ resolution by the se-
lenomethionyl single-wavelength anomalous diffraction
method (Hendrickson, 1991). The refined structure has ex-
cellent agreement with the crystallographic data and the
expected bond lengths, bond angles, and other geometric
parameters (Table 1). The majority of the residues (86%)
are in the most favored region of the Ramachandran
plot. Of the remaining residues, 11% are in the additional
allowed region and 3% are in the generously allowed re-
gion. The only two residues in the disallowed region of
the Ramachandran plot are in the loops of the PH domain.
The first five residues of the protein as well as residues 75–
79 and 153–157 in the BAR domain are disordered. The
PH domain has weaker electron density compared to
the BAR domain, as evidenced by their different average
temperature factors (53 and 42 A˚2, respectively). This
Table 1. Summary of Crystallographic Information
BAR-PH Domain PTB Domain
Space group P21212 P21





a 6.7 (33.9) 7.3 (26.9)




Number of reflectionsb 19,364 21,359
Completeness (%) 84 (54) 95 (86)
R factor (%)c 23.6 (28.7) 22.2 (26.2)
Free R factor (%) 32.7 (32.9) 25.9 (30.7)
Rms deviation in bond
lengths (A˚)
0.008 0.006
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Structures of BAR-PH and PTB Domains of APPL1Figure 2. Structure of the BAR-PH Do-
main Dimer of Human APPL1
(A) Schematic representation of the BAR-PH
domain dimer. One monomer is shown in yel-
low and the other in cyan.
(B) The dimer after 90 rotation around the hor-
izontal axis, showing the banana shape of the
structure. The red star indicates the location
of the b1-b2 loop in the PH domain, which is
near the putative phospholipid binding site.
(C) Superposition of the APPL1 BAR domain
dimer (in yellow and cyan) and that of endo-
philin (in gray). The red arrow highlights the
structural differences between the two dimers.
Produced with PyMOL (DeLano, 2002).flexibility in the PH domain, as well as the lower complete-
ness of the high-resolution data (Table 1), may have con-
tributed to the relatively high free R factor of this structure
(Table 1).
Our structure reveals that the BAR domain of APPL1
contains several unique features compared to the struc-
tures of other BAR domains (Casal et al., 2006; Gallop
et al., 2006; Masuda et al., 2006; Peter et al., 2004; Tarri-
cone et al., 2001; Weissenhorn, 2005). First, the APPL1
BAR domain contains four helices (a1–a4; Figure 2A),
whereas the other BAR domains contain only three heli-
ces. The first three helices, with 50–60 residues each,
form an antiparallel coiled-coil, while the fourth helix,
with about 40 residues, is unique to APPL1. This helix is
positioned away from the first three helices in the mono-
mer (Figure 2A). The size of the APPL1 BAR domain, cov-
ering residues 17–268 (Figure 1A), is also larger than other
BAR domains because of this additional helix.
Second, the dimer interface of the APPL1 BAR domain
is much more extensive than that in other BAR domains
(Figure 2A). One component of the interface is the interac-
tion between the first three helices of the two monomers,
which is also present in other BAR domain dimers. This
component buries about 2300 A˚2 of the surface area of
each monomer, comparable to the surface area burial in
other BAR domain dimers. In the APPL1 BAR domain di-
mer, the a4 helix of one monomer interacts with the firstStructure 15,three helices of the other monomer, in effect creating
two four-helical bundles in the dimer (Figure 2A). This
new interface buries another 2200 A˚2 of the surface area
of each monomer, giving a total surface area burial of
4500 A˚2 in the APPL1 BAR domain dimer interface. The
BAR domain of amphiphysin exists in a monomer-dimer
equilibrium in solution, with a Kd of 6 mM (Peter et al.,
2004). Because of the larger surface area burial, the
APPL1 BAR domain dimer should be more stable. Our
light-scattering studies showed that this BAR domain is
exclusively dimeric in solution (unpublished data).
Finally, the relative positions of the twomonomers in the
dimer are different between the BAR domain of APPL1
and the other BAR domains. Like other BAR domains,
the APPL1 BAR domain dimer is shaped like a banana
or crescent (Figure 2B). The first three helices of the
BAR domain in one monomer can be superimposed
onto those of other BAR domain structures with root-
mean-square (rms) distances of about 3 A˚ (Figure 2C),
but the sequence conservation is only 6%–14%, as calcu-
lated by the program Dali (Holm and Sander, 1993). Such
a superposition, however, does not lead to optimal overlay
of the second monomer of the dimers (Figure 2C), sug-
gesting that the two monomers in the APPL1 BAR domain
dimer are positioned differently as compared to the other
BAR domain dimers. In fact, the beginning of helix a3 in
the other monomer is more than 20 A˚ apart between the525–533, May 2007 ª2007 Elsevier Ltd All rights reserved 527
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Structures of BAR-PH and PTB Domains of APPL1Figure 3. Structure of the PH Domain of Human APPL1
(A) Schematic drawing of the structure of the PH domain of APPL1.
(B) Superposition of the APPL1 PH domain and that of DAPP1 (Ferguson et al., 2000).
(C) Stereo drawing of the interface between the PH and BAR domains of APPL1. Produced with PyMOL (DeLano, 2002).dimers of APPL1 and arfaptin (Tarricone et al., 2001)
(Figure 2C).
Overall Structure of the PH Domain of APPL1
The PH domain of APPL1, covering residues 278–374
(Figure 1A), contains a seven-stranded b barrel (b1–b7)
and an a helix (aA), which closes off one of the open
ends of the barrel (Figure 3A). Parts of the loops connect-
ing b1 and b2 (residues 292–295) as well as b3 and b4 (res-
idues 318–321) are disordered. The structure of this
domain is homologous to other PH domains (Bradshaw
and Waksman, 2002; Machida and Mayer, 2005), with
an rms distance of about 2.5 A˚ for their equivalent Ca
atoms (Figure 3B) (Holm and Sander, 1993).
In the APPL subfamily of BAR proteins, the BAR and PH
domains appear in tandem (Figure 1A), and biochemical
data suggest that they may act together as a functional
unit (Miaczynska et al., 2004; Peter et al., 2004). In the
structure, the PH domain of one monomer primarily con-
tacts the BAR domain of the other monomer (Figure 2A).
The two PH domains are positioned at opposite ends of
the BAR domain dimer, with a distance of about 130 A˚ be-
tween them (Figure 2A). Only about 550 A˚2 of the surface528 Structure 15, 525–533, May 2007 ª2007 Elsevier Ltd All righarea of the PH domain is buried in the interface with the
BAR domain. The PH domain contacts the N-terminal re-
gion of helix a1 and the a2-a3 loop of the BAR domain in
the other monomer (Figure 3C). Most of the interactions
are polar in nature, including ion-pair and hydrogen-bond-
ing interactions. Many of the residues in this interface,
for example Asp15, Arg171, Tyr283, Arg299, Arg339,
Tyr340, and Cys341, are highly conserved in the BAR-PH
subfamily (Figure 1B). In particular, Asp15 is part of the
strictly conserved DSPXXR motif among these proteins
(Figure 1B), which forms the N-terminal end of helix a1.
Ser16 caps the N terminus of the helix and there is an ion
pair between Asp15 and Arg20 (Figure 3C).
The PH domain is also involved in crystal packing inter-
actions (see Figure S1 in the Supplemental Data available
with this article online). Therefore, the position of this do-
main relative to the BAR domain as observed here may
be partly stabilized by crystal packing, and other arrange-
ments of the PH domain may also be possible. The linker
between the BAR and PH domains (residues 269–277)
is poorly conserved among these proteins (Figure 1B).
Nonetheless, the structure shows that the BAR and PH
domains are located in close proximity, and thereforets reserved
Structure
Structures of BAR-PH and PTB Domains of APPL1Figure 4. Molecular Surface of the
BAR-PH Domain of APPL1
(A) The side view of the molecular surface of
the BAR-PH domain. Strictly conserved basic
residues are colored in dark blue, and basic
residues conserved only in APPL1 and APPL2
are in light blue. The diameter of the BAR-PH
dimer is about 170 A˚.
(B) The top view of the molecular surface of the
BAR-PH domain. There is a cluster of positively
charged residues near the BAR-PH interface.
Produced with PyMOL (DeLano, 2002).can function together as a unit. Moreover, our yeast two-
hybrid assays also demonstrated interactions between
the two domains (see below).
The Concave Face of the BAR Domain Dimer
Mediates Membrane Interactions
Previous studies with other BAR domains showed that the
concave face of the dimer is lined with positively charged
residues and mediates interactions with the membrane
(Casal et al., 2006; Dawson et al., 2006; Gallop et al.,
2006; Gallop and McMahon, 2005; Habermann, 2004;
Lee and Schekman, 2004; Masuda et al., 2006; Peter
et al., 2004; Ren et al., 2006; Weissenhorn, 2005; Zimmer-
berg and McLaughlin, 2004). The BAR domain of APPL1
also has a concentration of conserved, positively charged
residues in the concave face of its dimer (Figures 4A and
4B), suggesting a similar function for this dimer. The a4
helix that is unique to this dimer is located on the convex
face of the dimer (Figure 2A), and does not affect the mor-
phology of the concave face (Figure 4A). The diameter of
the concave face of the APPL1 BAR-PH dimer is about
170 A˚ (Figure 4A), which is smaller than that observed in
most other BAR domain dimers. This is due to the differ-
ence in organization of the dimer in APPL1 (Figure 2C).
The BAR-PH domains of other members of the APPL
subfamily, including centaurin b2 and oligophrenin, can
tubulate membranes (Peter et al., 2004). Considering the
significant sequence conservation of the BAR-PH do-
mains of these proteins with that of APPL (Figure 1B), it
is highly likely that the BAR-PH domain of the APPLs
can also induce membrane curvature. The PH domain
contributes to the positive nature of the concave face of
theBAR-PHdimer (Figure 4B). In fact, there is a concentra-
tion of positively charged residues at the BAR-PH inter-
face (Figure 4B). The basic residues are primarily from
the a2-a3 loop of the BAR domain and the b1-b2 and
b5-b6 loops of the PH domain. Some of these residuesStructure 15, 5are disordered in our structure (Figure 2A). A highly basic
a2-a3 loop is present in other BAR domains, including am-
phiphysin and endophilin, and the loop is disordered in
those structures as well.
Although the bulk of the PH domain is positioned away
from the concave face of the BAR domain dimer, the b1-
b2 loop is located near this face (Figure 2B). The phospho-
lipid binding sites of most PH domains are located on ei-
ther side of this loop (consistent with the concentration
of basic residues in this loop) (Blomberg et al., 1999), sug-
gesting that the observed conformation of the PH domain
could interact with the membrane. As discussed earlier,
changes in the position of the PH domain relative to the
BAR domain are also possible, which may enhance this
membrane interaction.
Both APPL1 and APPL2 have been shown to bind small
GTPases such as Rab5 through their BAR domains (Miac-
zynska et al., 2004). The structure of arfaptin in complex
with Rac showed that the binding site is located in the cen-
ter of the concave face of the BAR domain (Tarricone
et al., 2001). A similar binding site may also be present
in the BAR-PH domain of APPL1. This is consistent with
our recent finding that Rab5 interacts with the N-terminal
BAR domain of APPL1 (Mao et al., 2006). Interestingly,
this interaction is stimulated by adiponectin (Mao et al.,
2006), suggesting that a conformational change may be
induced that facilitates the interaction.
Overall Structure of the PTB Domain of APPL1
We have determined the crystal structure of the PTB do-
main of human APPL1 (residues 499–646) at 2.0 A˚ resolu-
tion (Table 1). The first six residues (residues 493–498) of
our recombinant protein along with the N-terminal His
tag and residues 593–598 are disordered in the structure.
The PTB domain of APPL1 exhibits the canonical PTB
fold, which is part of the PH superfold (Uhlik et al.,
2005), with a seven-stranded b sandwich and a C-terminal25–533, May 2007 ª2007 Elsevier Ltd All rights reserved 529
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Structures of BAR-PH and PTB Domains of APPL1Figure 5. Structure of the PTB Domain of
Human APPL1
(A) Schematic drawing of the structure of the
PTB domain of APPL1.
(B) Superposition of the APPL1 PTB domain
and that of Dab1 (Stolt et al., 2003). The pep-
tide bound to the Dab1 structure is shown as
a stick model. The Asn, Pro, and Tyr residues
in the NPXY motif of the peptide are labeled.
Produced with PyMOL (DeLano, 2002).a helix (aB) that caps one of the open ends of the sandwich
(Figure 5A). This domain contains an extra a helix (aA), in-
serted between strands b1 and b2 (Figure 5A), which is
also observed in the structures of the X11 and Dab1
PTB domains (Figure 5B) (Stolt et al., 2003; Yun et al.,
2003; Zhang et al., 1997). The rms distance is about 2 A˚
for 130 equivalent Ca atoms between this PTB domain
and other PTB domains, although the sequence conser-
vation is low (14%–22%) (Figure 5B) (Holm and Sander,
1993).
The peptide binding site inmost PTB domains is located
between strand b5 of the central b sandwich and the C-
terminal helix (Figure 5B) (Uhlik et al., 2005). The majority
of these peptide segments contain a consensus NPXY
motif. Whereas the Tyr residue in this motif must be phos-
phorylated for recognition by some PTB domains, most
PTB domains actually prefer the unphosphorylated form
(Uhlik et al., 2005). The N-terminal region of the peptide
segment is placed next to strand b5, forming an antiparal-
lel structure. This is followed by the NPXY motif, which
forms a type Ib b turn. For those PTB domains that
recognize phosphorylated peptides, positively charged
side chains in the pTyr binding site are crucial for the
recognition.
Previous studies, primarily based on yeast two-hybrid
assays, suggested that the interactions between APPL
and the intracellular region of the adiponectin receptors
are mediated by the PTB domain (Mao et al., 2006). Muta-
tions of all three tyrosine residues in the intracellular region530 Structure 15, 525–533, May 2007 ª2007 Elsevier Ltd All rigof mouse AdipoR1 (Y85F, Y97F, or Y109F) had no effect
on its binding to APPL1 (Mao et al., 2006), suggesting
that this domain may prefer unphosphorylated peptides
and consistent with our structure. In fact, there are no con-
served Tyr residues between AdipoR1 and AdipoR2 in
their intracellular regions (Figure 6A). Even more remark-
ably, the only differences between residues 71–140 of
AdipoR1 and their equivalents in AdipoR2 are the replace-
ment of the three Tyr residues in AdipoR1 by other resi-
dues in AdipoR2 (Figure 6A). Previous studies show that
the interaction between the PTB domain of APPL1 and
DIP-13a (Liu et al., 2002) or human FSHR (Nechamen
et al., 2004, 2007) is also independent of phosphotyrosine.
Finally, the NPXY motif is not present in the intracellular
region of either AdipoR1 or AdipoR2 (Figure 6A). Taken to-
gether, these data suggest that the interaction between
AdipoR1 and APPL1 may occur through a previously
unidentified mechanism. Despite extensive efforts, we
have not been able to obtain the structure of the complex
between the PTB domain and AdipoR1 intracellular
region. Further studies are needed to define the exact
molecular mechanism for the recognition of AdipoRs by
the PTB domain of APPL.
Functional Studies Based on Structural Information
We used yeast two-hybrid assays to further characterize
the interaction between the BAR and PH domains of
APPL1. The data demonstrate that there is interaction be-
tween the two domains (Figure 6B), consistent with ourhts reserved
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Structures of BAR-PH and PTB Domains of APPL1Figure 6. Biochemical Studies
(A) Amino acid sequence alignment of the intracellular regions of human adiponectin receptors 1 and 2. Residues in AdipoR2 that are identical to those
in AdipoR1 are shown as dashes. Tyr residues are shown in red, and the putative transmembrane region is in green.
(B) Yeast two-hybrid assays showing interactions between the BAR and PH domains of APPL1.
(C) Lipid binding assays with the BAR, BAR-PH, PH, and PTB domains of human APPL. PIP3 is immobilized on the membrane.structural observations as well as earlier biochemical
data.
The expected membrane binding function of the BAR-
PH domain of APPL1 suggests that it may be able to inter-
act with phospholipids. To test this possibility, we carried
out lipid binding assays which showed that the BAR do-
main, BAR-PH domain, and PTB domain of APPL1, and
the PH domain of APPL2 can bind PtdIns-(3,4,5)-P3
(PIP3) (Figure 6C). The domains appear to have somewhat
distinct affinity for the different phospholipids. The PH do-
main of APPL2 prefers PtdIns-(3,4,5)-P3 and PtdIns-(3,5)-
P2 over PtdIns-(4,5)-P2, whereas the PTB domain of
APPL1 prefers PtdIns-(3,4,5)-P3 over PtdIns-(3,5)-P2 and
PtdIns-(4,5)-P2 (Figure S2). Our data are consistent with
previous studies on another BAR-PH family member, cen-
taurin b2, which showed that both BAR and PH domains
are required for binding to curved membranes and induc-
ing tubulation (Peter et al., 2004).
We attempted to locate the phospholipid binding sites
in the BAR-PH and PTB domains by soaking their crystals
with high concentrations of the compounds, but could not
observe any electron density for the compounds from the
crystallographic analyses. In most other PH domains, the
phospholipids are bound on either side of the b1-b2 loop
(Figure 2B) (Blomberg et al., 1999). As the APPL PH do-
main containsmany basic residues in this region, it is likelyStructure 15,that the phospholipids are bound here as well. In the PTB
domain, the phospholipid binding site is generally located
near the aA-b2 loop (Figure 5A), on the opposite side of the
structure from the peptide binding site (Figure 5B). How-
ever, this region does not contain many basic residues
in the APPL PTB domain. The exact phospholipid binding
site in this domain remains to be identified.
In summary, we have determined the crystal structures
of the BAR-PH and the PTB domains of human APPL1 at
up to 2.0 A˚ resolution. The structures reveal novel features
for the dimerization of BAR domains and the interactions
between BAR and PH domains, and provide a foundation
for understanding the biological functions of this important
adaptor protein.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
Residues 1–374 (for the BAR-PH domains) and 493–646 (for the PTB
domain) of human APPL1 were subcloned separately into the
pET28a vector (Novagen) and overexpressed in Escherichia coli.
Both expression constructs contained an N-terminal hexahistidine
tag. The two proteins were purified following the same protocol, with
nickel-agarose, anion-exchange, and gel-filtration chromatography.
The proteins were concentrated to 10 mg/ml in a solution containing
20 mM Tris (pH 8.0) and 200 mM NaCl, flash-frozen in liquid nitrogen
in the presence of 5% (v/v) glycerol, and stored at 80C.525–533, May 2007 ª2007 Elsevier Ltd All rights reserved 531
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Structures of BAR-PH and PTB Domains of APPL1The selenomethionyl protein was produced in BL21(DE3) cells (No-
vagen), grown in minimal media supplemented with selenomethionine
and amino acids to inhibit endogenous methionine biosynthesis (Dou-
blie et al., 1996), and purified following the same protocol as that for the
native protein.
Protein Crystallization
Crystals of the BAR-PH domain were obtained at room temperature by
the sitting-drop vapor diffusion method. The reservoir solution con-
tained 0.1 M HEPES (pH 7.5), 22% (w/v) polyacrylic acid 5100, and
20 mMmagnesium chloride. The crystals were cryoprotected in reser-
voir solution supplemented with 10% (v/v) glycerol and flash-frozen in
liquid nitrogen for data collection at 100K. They belong to space group
P21212, with cell parameters of a = 100.6 A˚, b = 104.1 A˚, and c = 37.1 A˚.
There is one molecule in the crystallographic asymmetric unit.
Crystals of the PTB domain were obtained at room temperature by
the sitting-drop vapor diffusion method. The reservoir solution con-
tained 0.1 M sodium citrate (pH 5.6), 10% (w/v) PEG10K, and 10%
(v/v) isopropanol. The crystals were soaked in reservoir solution sup-
plemented with 25% (v/v) ethylene glycol and flash-frozen in liquid ni-
trogen for data collection at 100K. They belong to space group P21,
with cell parameters of a = 45.5 A˚, b = 61.6 A˚, c = 60.7 A˚, and b =
101.2. There are two molecules in the crystallographic asymmetric
unit.
Data Collection and Processing
X-ray diffraction data were collected on an ADSC Quantum-4 CCD at
the X4A beamline of the National Synchrotron Light Source (NSLS).
The diffraction images were processed and scaled with the HKL pack-
age (Otwinowski and Minor, 1997). Single-wavelength anomalous dif-
fraction (SAD) data sets on the selenomethionyl protein were collected
for both the BAR-PH and the PTB domains, respectively, to resolutions
of 2.6 and 2.0 A˚. The data processing statistics are summarized
in Table 1.
Structure Determination and Refinement
The Se sites were located using the SAD data for both crystals with the
program SnB (Weeks et al., 2003). The reflection phases were deter-
mined with the program SOLVE/RESOLVE (Terwilliger, 2003), which
also automatically located some of the residues. The complete atomic
models were built with the program O (Jones et al., 1991). The struc-
ture refinement was carried out with the program CNS (Brunger
et al., 1998). The statistics on the structure refinement are summarized
in Table 1.
Lipid Binding Assays
The experiment was performed following protocols described earlier
(Gebauer et al., 2004). The BAR domain (residues 10–269), BAR-PH
domain (residues 1–376), and PTB domain (residues 493–646) of
APPL1 and the PH domain of APPL2 (residues 270–380), all purified
as His-tagged proteins, were incubated with the membranes for 1 hr
at room temperature at 1 mg/ml concentration. After washing the
membrane three times with 10 ml Tris-buffered saline supplemented
with 0.05% Tween 20 for 5 min, bound proteins were probed with an
anti-His tag antibody (Novagen) and detected by an IRDye 800 conju-
gate second antibody (Rockland). The PH domain of human neuro-
beachin, which does not bind phospholipids (Jogl et al., 2002), was
also used as a negative control.
Yeast Two-Hybrid Assays
Yeast two-hybrid assays were conducted using the MATCHMAKER
GAL4 two-hybrid system (Clontech). The BAR and PH plasmids were
generated by subcloning cDNA fragments into the pGAD424 (prey)
and pGBT9 (bait) plasmid, respectively. The bait plasmid was cotrans-
formed with a prey plasmid into HF7c yeast cells using the LiAc
transformation procedure. The interaction between the BAR and PH
domains was identified on His/Leu/Trp plates. To reduce back-532 Structure 15, 525–533, May 2007 ª2007 Elsevier Ltd All righground noise in this assay, 10–30 mM 3-amino-1,2,4-triazole was
included in the plates.
Supplemental Data
Supplemental Data include two figures and can be found with this
article online at http://www.structure.org/cgi/content/full/15/5/525/
DC1/.
ACKNOWLEDGMENTS
We thank Yang Shen for helpful discussions, and Randy Abramowitz
and John Schwanof for setting up the X4A beamline at the NSLS.
This research is supported in part by grants from the NIH to L.T.,
L.Q.D., and F.L.
Received: January 12, 2007
Revised: March 21, 2007
Accepted: March 23, 2007
Published: May 15, 2007
REFERENCES
Blomberg, N., Baraldi, E., Nilges, M., and Saraste, M. (1999). The PH
superfold: a structural scaffold for multiple functions. Trends Biochem.
Sci. 24, 441–445.
Bradshaw, J.M., and Waksman, G. (2002). Molecular recognition by
SH2 domains. Adv. Protein Chem. 61, 161–210.
Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
Grosse-Kunstleve, R.W., Jiang, J.-S., Kuszewski, J., Nilges, M.,
Pannu, N.S., et al. (1998). Crystallography & NMR system: a new soft-
ware suite for macromolecular structure determination. Acta Crystal-
logr. D Biol. Crystallogr. 54, 905–921.
Casal, E., Federici, L., Zhang, W., Fernandez-Recio, J., Priego, E.-M.,
Miguel, R.N., DuHadaway, J.B., Prendergast, G.C., Luisi, B.F., and
Laue, E.D. (2006). The crystal structure of the BAR domain from human
Bin1/amphiphysin II and its implications for molecular recognition.
Biochemistry 45, 12917–12928.
Dawson, J.C., Legg, J.A., andMachesky, L.M. (2006). Bar domain pro-
teins: a role in tubulation, scission and actin assembly in clathrin-
mediated endocytosis. Trends Cell Biol. 16, 493–498.
DeLano, W.L. (2002). The PyMOL Manual (San Carlos, CA: DeLano
Scientific).
Doublie, S., Kapp, U., Aberg, A., Brown, K., Strub, K., and Cusack, S.
(1996). Crystallization and preliminary X-ray analysis of the 9 kDa pro-
tein of the mouse signal recognition particle and the selenomethionyl-
SRP9. FEBS Lett. 384, 219–221.
Ferguson, K.M., Kavran, J.M., Sankaran, V.G., Fournier, E., Isakoff,
S.J., Skolnik, E.Y., and Lemmon, M.A. (2000). Structural basis for dis-
crimination of 3-phosphoinositides by pleckstrin homology domains.
Mol. Cell 6, 373–384.
Gallop, J.L., and McMahon, H.T. (2005). BAR domains and membrane
curvature: bringing your curves to the BAR. Biochem. Soc. Symp. 72,
223–231.
Gallop, J.L., Jao, C.C., Kent, H.M., Butler, P.J.G., Evans, P.R., Langen,
R., and McMahon, H.T. (2006). Mechanism of endophilin N-BAR
domain-mediated membrane curvature. EMBO J. 25, 2898–2910.
Gebauer, D., Li, J., Jogl, G., Shen, Y., Myszka, D.G., and Tong, L.
(2004). Crystal structure of the PH-BEACH domains of human LRBA/
BGL. Biochemistry 43, 14873–14880.
Habermann, B. (2004). The BAR-domain family of proteins: a case of
bending and binding? EMBO Rep. 5, 250–255.
Hendrickson, W.A. (1991). Determination of macromolecular struc-
tures from anomalous diffraction of synchrotron radiation. Science
254, 51–58.ts reserved
Structure
Structures of BAR-PH and PTB Domains of APPL1Holm, L., and Sander, C. (1993). Protein structure comparison by align-
ment of distance matrices. J. Mol. Biol. 233, 123–138.
Jogl, G., Shen, Y., Gebauer, D., Li, J., Wiegmann, K., Kashkar, H.,
Kronke, M., and Tong, L. (2002). Crystal structure of the BEACH do-
main reveals an unusual fold and extensive association with a novel
PH domain. EMBO J. 21, 4785–4795.
Jones, T.A., Zou, J.Y., Cowan, S.W., and Kjeldgaard, M. (1991). Im-
proved methods for building protein models in electron density maps
and the location of errors in these models. Acta Crystallogr. A 47,
110–119.
Lee, M.C., and Schekman, R. (2004). BAR domains go on a bender.
Science 303, 479–480.
Lin, D.C., Quevedo, C., Brewer, N.E., Bell, A., Testa, J.R., Grimes,
M.L., Miller, F.D., and Kaplan, D.R. (2006). APPL1 associates with
TrkA and GIPC1 and is required for nerve growth factor-mediated sig-
nal transduction. Mol. Cell. Biol. 26, 8928–8941.
Liu, J., Yao, F., Wu, R., Morgan, M., Thorburn, A., Finley, R.L., Jr., and
Chen, Y.Q. (2002). Mediation of the DCC apoptotic signal by DIP13 a.
J. Biol. Chem. 277, 26281–26285.
Machida, K., andMayer, B.J. (2005). The SH2 domain: versatile signal-
ing module and pharmaceutical target. Biochim. Biophys. Acta 1747,
1–25.
Mao, X., Kikani, C.K., Riojas, R.A., Langlais, P., Wang, L., Ramos, F.J.,
Fang, Q., Christ-Roberts, C.Y., Hong, J.Y., Kim, R.Y., et al. (2006).
APPL1 binds to adiponectin receptors and mediates adiponectin sig-
nalling and function. Nat. Cell Biol. 8, 516–523.
Masuda, M., Takeda, S., Sone, M., Ohki, T., Mori, H., Kamioka, Y., and
Mochizuki, N. (2006). Endophilin BAR domain drivesmembrane curva-
ture by two newly identified structure-based mechanisms. EMBO J.
25, 2889–2897.
Miaczynska, M., Christoforidis, S., Giner, A., Shevchenko, A., Utten-
weiler-Joseph, S., Habermann, B., Wilm, M., Parton, R.G., and Zerial,
M. (2004). APPL proteins link Rab5 to nuclear signal transduction via
an endosomal compartment. Cell 116, 445–456.
Mitsuuchi, Y., Johnson, S.W., Sonoda, G., Tanno, S., Golemis, E.A.,
and Testa, J.R. (1999). Identification of a chromosome 3p14.3-21.1
gene, APPL, encoding an adaptor molecule that interacts with the on-
coprotein-serine/threonine kinase AKT2. Oncogene 18, 4891–4898.
Nechamen, C.A., Thomas, R.M., Cohen, B.D., Acevedo, G., Poulika-
kos, P.I., Testa, J.R., and Dias, J.A. (2004). Human follicle-stimulating
hormone (FSH) receptor interacts with the adaptor protein APPL1 in
HEK293 cells: potential involvement of the PI3K pathway in FSH sig-
naling. Biol. Reprod. 71, 629–636.
Nechamen, C.A., Thomas, R.M., and Dias, J.A. (2007). APPL1, APPL2,
Akt2 and FOXO1a interact with FSHR in a potential signaling complex.
Mol. Cell. Endocrinol. 260–262, 93–99.Structure 15,Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffraction
data collected in oscillation mode. Methods Enzymol. 276, 307–326.
Peter, B.J., Kent, H.M., Mills, I.G., Vallis, Y., Butler, P.J.G., Evans, P.R.,
and McMahon, H.T. (2004). BAR domains as sensors of membrane
curvature: the amphiphysin BAR structure. Science 303, 495–499.
Ren, G., Vajjhala, P., Lee, J.S., Winsor, B., and Munn, A.L. (2006). The
BAR domain proteins: molding membranes in fission, fusion, and
phagy. Microbiol. Mol. Biol. Rev. 70, 37–120.
Stolt, P.C., Jeon, H., Song, H.K., Herz, J., Eck, M.J., and Blacklow,
S.C. (2003). Origins of peptide selectivity and phosphoinositide bind-
ing revealed by structures of disabled-1 PTB domain complexes.
Structure 11, 569–579.
Tarricone, G., Xiao, B., Justin, N., Walker, P.A., Rittinger, K., Gamblin,
S.J., and Smerdon, S.J. (2001). The structural basis of Arfaptin-medi-
ated cross-talk between Rac and Arf signalling pathways. Nature 411,
215–219.
Terwilliger, T.C. (2003). SOLVE and RESOLVE: automated structure
solution and density modification. Methods Enzymol. 374, 22–37.
Uhlik, M.T., Temple, B., Bencharit, S., Kimple, A.J., Siderovski, D.P.,
and Johnson, G.L. (2005). Structural and evolutionary division of phos-
photyrosine binding (PTB) domains. J. Mol. Biol. 345, 1–20.
Varsano, T., Dong, M.Q., Niesman, I., Gacula, H., Lou, X., Ma, T.,
Testa, J.R., Yates, J.R., III, and Farquhar, M.G. (2006). GIPC is re-
cruited by APPL to peripheral TrkA endosomes and regulates TrkA
trafficking and signaling. Mol. Cell. Biol. 26, 8942–8952.
Weeks, C.M., Adams, P.D., Berendzen, J., Brunger, A.T., Dodson,
E.J., Grosse-Kunstleve, R.W., Schneider, T.R., Sheldrick, G.M., Ter-
williger, T.C., Turkenburg, M.G., and Uson, I. (2003). Automatic solu-
tion of heavy-atom substructures. Methods Enzymol. 374, 37–83.
Weissenhorn, W. (2005). Crystal structure of the endophilin-A1 BAR
domain. J. Mol. Biol. 351, 653–661.
Yun, M., Keshvara, L., Park, C.G., Zhang, Y.M., Dickerson, J.B.,
Zheng, J., Rock, C.O., Curran, T., and Park, H.W. (2003). Crystal struc-
tures of the Dab homology domains of mouse disabled 1 and 2. J. Biol.
Chem. 278, 36572–36581.
Zhang, Z., Lee, C.H., Mandiyan, V., Borg, J.P., Margolis, B., Schles-
singer, J., and Kuriyan, J. (1997). Sequence-specific recognition of
the internalization motif of the Alzheimer’s amyloid precursor protein
by the X11 PTB domain. EMBO J. 16, 6141–6150.
Zimmerberg, J., and McLaughlin, S. (2004). Membrane curvature: how
BAR domains bend bilayers. Curr. Biol. 14, R250–R252.
Accession Numbers
The coordinates and structure factors of the BAR-PH and PTB do-
mains have been deposited in the Protein Data Bank under ID codes
2ELB and 2ELA, respectively.525–533, May 2007 ª2007 Elsevier Ltd All rights reserved 533
